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Red spectral formsIn the present paper the marked changes in photochemical trapping time over the absorption/ﬂuorescence
band of isolated PSI–LHCI are studied by means of time resolved ﬂuorescence decay measurements. For emis-
sion at 680–690 nm the effective trapping time is close to 17–18 ps, and represents the effective trapping
time from the bulk antenna. At wavelengths above 700 nm the effective trapping time increases in a mono-
tonic way, over the entire emission band, to attain values in the range of 70–80 ps near 760 nm. This is ar-
gued to be caused by “uphill” energy transfer from the low energy states to the core antenna and reaction
centre. These data, together with the steady state emission spectrum, permit calculation of the overall trap-
ping time for maize PSI–LHCI, which is estimated to be approximately 40 ps. The wavelength dependence of
the trapping time indicates, that in PSI–LHCI there exists at least one red form which emits at lower energies
than the 735 nm state. These data indicate that Photosystem I is about 55% diffusion limited.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Photosystem I (PSI) of higher plants is a supramolecular pigment–
protein complex, localized in the non-appressed regions of thylakoid
membranes. The catalytic activity of PSI is that of a light-dependent
oxido-reductase, which uses the diffusible electron carries plastocya-
nin as the electron donors and ferredoxin as the electron acceptors
[1]. The complex has two functional moieties, which are the central
chl a-binding core complex and a peripheral antenna, which consists
of chlorophyll a/b binding proteins known collectively as LHCI. The
core complex binds approximately 95 chl a and probably about 20
β-carotene molecules [2,3] as well as the cofactors involved in prima-
ry photochemical events and the successive electron transfer reac-
tions. The LHCI complexes seem to be arranged on one side of the
core [2,4] and, taken together, they bind about 66 chl a + b according
to the crystallographic structure [2] and 80–100 according to bio-
chemical analysis [5], and 20 xanthophylls, with the number of com-
plexes surrounding the core probably being four according to the
crystallographic structure and around 10 according to biochemical
analysis [5]. The LHCI complexes are now thought to bind around
15–16 chlorophylls per monomer [2].g Complex; RC, reaction centre;
l; OGP, octyl-gluco-pyranoside;
Università diMilano, via Celoria
ngs).
rights reserved.The PSI–LHCI supercomplex can be isolated from maize in an in-
tact form, that is, without detergent-solubilized chls present [6]. In
the region of the lowest lying electronic transition (Qy), the complex
has a broad absorption band with its maximum at 680 nm. This band
is associated with the so-called “bulk” antenna chl a and accounts for
about 90–95% of the Qy oscillator strength. A peculiarity of the PSI–
LHCI absorption spectrum is the presence of signiﬁcant absorption
in the low-energy tail, indicating the presence of red spectral chl a
forms, or states, absorbing at energies lower than that of the primary
electron donor pigments from which photochemistry takes place,
including the electron donor P700. In PSI–LHCI the combined oscilla-
tor strength of the “red forms” is approximately equivalent to 7–8
chls [6] which, at room temperature, in the steady state, are highly
populated, with 80–90% of the PSI–LHCI excited states being associ-
ated with them [6]. These low energy states have been demonstrat-
ed to be associated with excitonic dimers in the case of the
cyanobacterium Spirulina platensis [7], in which the interaction
energy was estimated to be 330–340 cm−1, and also for the ap-
proximately 735 nm emission states in the external antenna com-
plexes of PSI–LHCI [8,9]. It has been experimentally demonstrated
that the red forms, located primarily in the peripheral antenna in
plant PSI–LHCI [10–12], are kinetically limiting for the transfer of
energy from the antenna to the reaction centre [13,14], indicating
that PSI is partially diffusion limited, though there is some disagree-
ment on this point [15].
The most widely used technique to study PSI–LHCI photochemical
trapping involves measurement of the ﬂuorescence lifetime decay,
either by means of streak camera or of single photon counting tech-
niques, which are subjected to global lifetime analysis. It is a common
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(DAS) [e.g. 13–18] that display positive amplitude across the whole
ﬂuorescence emission spectrum. As there are often two such DAS
components this has led to the conclusion of two distinct trapping ki-
netics, which occur roughly in the 40–60 and 80–130 ps time range.
In order to explain these results it has been suggested that the
40–60 component may be associated with trapping from the core
and the longer decay with trapping from the LHCI complexes of the
external antenna. On the other hand, it was initially shown [14],
and subsequently conﬁrmed [18], that the effective trapping time in
maize PSI–LHCI, calculated from the DAS, varies signiﬁcantly as a
function of the emission wavelength, increasing in a monotonic fash-
ion from 700 nm to 760 nm across the emission band. This demon-
stration suggests that the trapping dynamics require a somewhat
more detailed explanation than that previously suggested, based on
the analysis of two “positive” DAS components only. Moreover,
whereas these previous analyses [14,18] clearly demonstrate the
wavelength dependence of the effective trapping times, they seem
to have considerably underestimated the extent of this phenomenon.
In order to clarify the situation we have re-examined the wavelength
dependence of the trapping times in a preparation of PSI–LHCI
prepared from maize by the solubilisation of thylakoid membranes
using the mild detergent octyl-glucopyranoside (OGP) [6,14,18]. The
results permit determination of
i) the intrinsic trapping time from the directly excited bulk.
ii) the large effective trapping time variation, as a function of
wavelength, associated with the low energy chlorophylls in
the wavelength range 700–760 nm
iii) the overall PSI–LHCI effective trapping time
iv) the marked contribution of excited state diffusion limitation to
the effective photochemical trapping in PSI–LHCI.
Moreover they also
i) provide evidence that the red spectral states are not quenching
states.
ii) indicate the presence in PSI–LHCI of at least one spectral form
which emits at lower energy than the F735 form.
These conclusions are reached directly from the experimental
data, without the need to use the usual compartmental type model-
ling, on which there is still signiﬁcant debate in the literature.
2. Materials and methods
PSI–LHCI and LHCI were prepared by the method of Croce et al.
[6,10] which employs the mild detergent OGP to solubilise the thyla-
koid membranes. Steady-state ﬂuorescence emission spectra were
measured at 90° with respect to the excitation beam using a CCD
camera (Princeton, Applied Physics) as a detector, with a spectral res-
olution of 0.25 nm and were corrected for the instrument wavelength
sensitivity. The excitation beam was provided by a xenon lamp
passed through a Jasco monochromator with the transmittance
half-width adjusted to either 1 or 2 nm, depending on the excitation
wavelength. The emission spectra were measured across a Schott
(Wayzata, MN) OG 530 ﬁlter. When excitation was into the Qy ab-
sorption band, the emission spectrum was corrected for the stray ex-
citation “spike” by means of measurements performed either on the
same sample, but after complete ﬂuorescence quenching by addition
of DBMIB (2,5-Dibromo-6-methyl-3-isopropyl-1,4-benzoquinone,
80 mM), or on a scattering suspension of glycogen. In this way it
was possible to completely eliminate the scattering spike to within
±5 nm of the spike maximum for all excitation wavelengths.
Time-resolved ﬂuorescence measurements with picosecond reso-
lution were performed using the time-correlated single-photon
counting (TCSPC) technique, as previously described [18]. In brief,
the excitation source was a pulsed diode laser (PicoQuant GmbH,Berlin, Germany), controlled by a PicoQuant PDL 800-B unit, peaking
at 632 nm and operating at a repetition rate of 20 MHz. The emission
were passed through a monochromator (Jasco CT-10, Tokyo, Japan)
and detected by a cooled microchannel plate photomultiplier tube
(Hamamatsu R3809U-51, Hamamatsu, Japan). The instrument re-
sponse function was measured using the reference dye DCI′, as pre-
viously described [19], resulting in an overall response of about
80 ps (FWHM) which after deconvolution yielded a time resolution
of 10–20 ps. The emission decays were recorded at 10 nm intervals
between 680 and 760, corrected for instrument wavelength sensitiv-
ity, and analysed globally by means of an algorithm developed in the
laboratory [19].
The effective trapping time for antenna excited states, as a func-
tion of the detection wavelength, was determined from the decay as-
sociated spectra (DAS), by calculating the average lifetime which is
deﬁned as τav λð Þ ¼ ∑
i
Ai λð Þ⋅τiÞ=∑
i
Ai λð Þ
 
. As previously described
[14] this parameter has been demonstrated to be the effective trap-
ping time. It is worth noting that the interpretation of the physical
meaning of τav(λ) is independent of the details of the primary photo-
chemical reactions, which are still a matter of debate.
The spectral overlap integral (SOI) for a bulk chlorophyll, acting as
donor, and a red chl form, acting as acceptor, in a native protein environ-
ment was approximated on the basis of the calculated absorption spec-
trum both for weak (bulk pigment, S = 0.8) and strong coupling (red
form, S = 4) to a phonon bath of mean frequency νm = 20 cm−1, as
previously described [20]. In short, we have used the set of vibrational
frequencies and Franck–Condon factors reported in hole burning studies
by Gillie et al. [21] as the input data for a Fast Fourier Transform algo-
rithm used to numerically estimate the normalised chlorophyll a
bandshape. The normalised ﬂuorescence spectrum was obtained by
the mirror image of the absorption bandshape and the Stokes shift de-
termined by the Stepanov relation [20].When a donormolecule, D, hav-
ing the absorption maximum at ν0D and ﬂorescence spectrum F(ν0D,ν),
and an acceptor molecule, A, with absorption maximum at ν0A and ab-
sorption spectrum ε(ν0A,ν) are considered, the SOI was determined by:
SOI νA0−ν
D
0
 
¼ ∫
∞
0
dνν−4F νD0 ;ν
 
ε ν A0 ;ν
 
; ð1Þ
as a function of the energy difference between the acceptor absorption
maximum and the donor absorption maximum ΔE ¼ ν A0−ν B0 .
3. Results and discussion
3.1. Fluorescence decay analysis of maize PSI–LHCI
The excited state trapping kinetics were studied in a PSI–LHCI
supercomplex isolated from Zea mais and puriﬁed as described by
Croce et al. [6,10]. Fluorescence decay, recorded in the 680–760 nm
interval, are described in a global ﬁt analysis, by three dominant com-
ponents characterized by lifetimes of 13 ± 2 ps, 41 ± 5 ps and
74 ± 6 ps, and a minor component with an associated lifetime of
785 ± 30 ps. The conﬁdence limits are the standard deviation of
the ﬁt parameters obtained from ﬁve independent measurements
made on the same preparation. In our experience, the global ﬁt min-
imum is rather broad, in agreement with others [22], and the stan-
dard deviations for measurements made on the same sample are an
indication of this. The present results are very similar and within
the experimental uncertainties of the solutions previously obtained
by Engelmann et al. [18] for the same type of preparation, and using
the same experimental set-up. Therefore, we have decided to average
the results reported in ref. [18], with those obtained in the new PSI–
LHCI preparation in order to extend the statistics. It is these averaged
results which will be analysed in the present study. In most
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distribution is not given. Typically, only the results of single decay
measurements are presented and the conﬁdence bounds are those as-
sociated with the ﬁt of a particular measurement, which is then used
for compartmental modelling.
In a study of this kind it is usual to present the decay associated
spectra (DAS). These spectra are represented as the amplitude of
each decay component as a function of the wavelength and are
presented here as an inset (Fig. 1). The data are also shown in a mod-
iﬁed version of the conventional DAS where the amplitude is replaced
by the ﬂuorescence yield (Ai(λ) ⋅ τi) versus wavelength. Each of these
spectra represents the contribution of a given lifetime (τi) to the
steady-state emission spectrum. The main reason for this departure
from the conventional representation is to clearly show the spectral
characteristics of a low amplitude component with an ~800 ps life-
time which, despite its very low amplitude, contributes signiﬁcantly
to the steady state ﬂuorescence by virtue of its relative long lifetime.
Even when the ﬁt results are presented in terms of yield, rather than
the common representation in terms of DAS, it is apparent that three
decay components (mean values for the two preparation batches of
12 ± 2 ps, 33 ± 3 ps and 77 ± 4 ps) are dominant. This is in broad
agreement with measurements made by others [23,24], though
there are differences with respect to Ihalainen et al. [17] and Slavov
et al. [15], who seemed to have used preparations with a low red
form content, as judged by the steady state spectra presented.
With our resolution the fastest decay detected in this preparation is
around 12 ± 2 ps. This decay displays a small negative component at
wavelengths above 700 nm and thus could describe a mixed decay,
most of which is expected to be due to photochemical trapping
(positive values) with a possible small bulk-to-red form energy transfer
represented by thenegative values. However, theminor negative values
are all well inside the 2σ error range and thus are not signiﬁcantly dif-
ferent from the zero line. Thus, it is reasonable to consider the 12 ps
component as substantially a decay component. A similar component,Fig. 1. Analysis of the ﬂuorescence decay in PSI–LHCI. Inset: decay associated spectra;
circles: 12 ± 2 ps; squares: 33 ± 3 ps; diamonds: 77 ± 4 ps; triangles: 787 ± 30 ps.
Main panel: contribution of each decay component to the ﬂuorescence yield
(Ai(λ) ⋅ τi), as a function of the emission wavelength; contribution associated with
the 12 ± 2 ps (circles); 33 ± 3 ps (squares); 77 ± 4 ps (diamonds); 787 ± 30 ps
(triangles). The DAS values and the lifetimes are the weighted mean, obtained from
two independent puriﬁcations of PSI–LHCI, each of which was measured ﬁve times.
The error bars of the DAS are the standard deviation of the weighted mean and those
of Ai(λ) ⋅ τi are the propagated conﬁdence levels.with little or no negative amplitude, is commonly encountered in the
11–20 ps interval for different PSI–LHCI preparations [17,18,22,23,25].
Bulk to red form transfer components are best observed in Streak Cam-
era measurements, which have a better time resolution than TCSPC.
Ihalainen et al. [17] have resolved a ~5 ps component with approxi-
mately conservative positive and negative structures, as is expected
for a pure transfer component.
While the 12 ps decay displays little or no yield (or amplitude)
above 710 nm, the 33 ± 3 ps and 77 ± 4 ps decays display maxima
at or above 720 nm and cover all the low energy spectral interval.
Thus the energy levels present in the 12 ps component are those
characteristic of the bulk antenna chlorophylls while there are pro-
nounced contributions from the low energy states (red forms) in
the 33 and 77 ps decays.
The fourth component, which is very long-lived (787 ± 30 ps)
and has extremely low amplitudes but signiﬁcant yield, is also
present, as previously described [18,23,25]. A similar low amplitude
component in PSI–LHCI form Arabidopsis, with a decay time of
230 ps was recently noticed [22]. Long-lived decays of low amplitude
are usually considered to be associated with uncoupled chlorophylls
formed during complex preparation. However, uncoupled chloro-
phylls emit in the blue of the Qy transition interval, usually around
670 nm. In the case of the 800 ps decay, however, the emission is
markedly red shifted (Fig. 1). Thus, it could represent a fraction of
complexes in which energy transfer from the low energy states, and
hence trapping, is very slow, possibly, but not necessarily, due to
the preparation procedure. As we feel that this component should
not be ignored, our analyses will usually be performed both in its
presence and absence.
3.2. Wavelength dependence of the effective photochemical trapping
time
Fig. 2 shows the steady state emission spectrum (F λð Þ≡∑
i
Ai λð Þ⋅τi)
calculated from the DAS, considering (Fig. 2B), or ignoring (Fig. 2A), the
800 ps component. It is clear that the impact of the ~800 ps component
increases with increasing wavelength and at 760 nm it appears to ac-
count for about 20% of the steady state emission, on the basis of the
mean values. The reconstructed steady state spectra are in close agree-
ment with the measured steady state emission spectrum for this same
preparation (not shown) and with those presented by Croce et al.
[6,24] for PSI–LHCI puriﬁed according to the same preparation method.
It was estimated that about 80% of the excited states populate the low
energy forms in the steady state [6]. This, however, is not the case for
the PSI–LHCI prepared from Arabidopsis [15–17,25], where very sub-
stantial differences may be noted (see below).
Fig. 2 also shows the calculated effective trapping time as a func-
tion of wavelength, (τav(λ)), which is calculated from the DAS as de-
scribed in Materials and methods section. It is seen that the fastest
trapping occurs from chlorophylls emitting in the 680–690 nm inter-
val (~18 ps), wavelengths which are characteristic of the bulk anten-
na emission. At emission wavelengths beyond 700 nm, associated
with excited state population of the low energy forms, the value of
τav(λ) increases dramatically to 70 or 85 ps, according to whether
the 800 ps component is included. We have calculated the value
τav(λ) for a number of published experiments performed with PSI–
LHCI prepared from Arabidopsis. Though the preparations display
considerable variability, particularly in red form content (see
below), the large increases in τav(λ) across the long wavelength emis-
sion band are always present, with maximal values which range from
65 ps [25], 73 ps [15], 92 ps [16] and 130 ps [17]. The present value of
τav(λ)~18 ps for the 680–690 nm spectral region is in very close
agreement with the measured effective trapping time of 17 ± 5 ps
for the isolated core complex from maize [18]. It is also in close
agreement with values obtained by target modelling analytical ap-
proaches performed by other laboratories [16,22] for PSI–LHCI from
Fig. 2. Reconstruction of the steady-state emission spectra from the DAS (circles) and the wavelength dependence of the τav parameter (diamonds), computed using all of the life-
times retrieved from the global analysis (Panel A, open symbols) or neglecting the long-lived 787 ± 30 ps component (Panel B, solid symbols). In Panel B is also shown the
reconstructed steady-state spectrum of Panel A (dash-dotted line) to facilitate comparison.
Fig. 3. Spectral overlap integral (SOI) for energy transfer between a bulk antenna
chlorophyll (S = 0.8, νm = 20 cm−1; dash-dotted line) and a red form (S = 4,
νm = 20 cm−1; solid line) calculated as described in Eq. (1).
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690 nm interval is interpreted as the effective photochemical trap-
ping time of the core. We add that the high energy LHCI pigments
are also expected to emit in the same spectral interval, which could
complicate our simple interpretation concerning the “effective photo-
chemical trapping time of the core”. However, we expect their contri-
bution to the 18 ps average lifetime to be minor as these pigments,
which are very closely associated with the low energy pigments
(red forms), will probably be substantially quenched. This is the
case for isolated, or reconstituted, LHCI complexes where only
minor steady state emission is measured from the high energy pig-
ments. If this should not be the case, and the LHCI high energy pig-
ments make a (small) contribution to average lifetime in the
680–700 nm emission wavelength interval, then the present value
of 18 ps time would be an overestimate of the core trapping time.
However, we underline, that our interpretation is in agreement with
the measurements on the isolated PSI core from maize, measured
with the same instrument [18].
In the same way the large and progressive increases in τav(λ) as-
sociated with the red forms also represent the effective trapping
time from the low energy antenna states emitting at these wave-
lengths. While, in principal, many different rate processes may con-
tribute to τav(λ), in the present case the wavelength dependence
must be due only to those involving the transfer of energy from the
bulk to the low energy states and the reverse process. All other pro-
cesses will be independent of wavelength over the long wavelength
emission band. The present data do not permit us to directly distin-
guish between inward and outward energy ﬂow between the red
forms and the bulk antenna. However, we tend to exclude a signiﬁ-
cant inﬂuence of bulk antenna to red form energy transfer processes
on the marked τav(λ) heterogeneity. This is because the spectral over-
lap integral (SOI), involved in both the Förster and the Dexter transfer
mechanisms, when expressed as a function of the donor (ﬂuorescence)/
acceptor (absorption) energy separation (ΔE), is markedly asymmetrical
(Fig. 3). For energy ﬂow from a low energy donor to a higher energy ac-
ceptor the SOI declines steeply with increasing ΔE. This is shown in
Fig. 3, where the overlap integral has been calculated for energy
transfer between a bulk antenna chlorophyll (S = 0.8, νm =
20 cm−1) and a red form (S = 4, νm = 20 cm−1). See Materials
and methods section for details of the calculations. On the other
hand, for energy transfer from a high energy donor to a lower energy
acceptor there is an initially steep decline of SOI over a ΔE of about
500 cm−1 which then assumes a roughly constant value up to
about 1500 cm−1 due to the vibronic bands. Previously, qualitativelysimilar results were found for chlorophyll in solution [26]. The
wavenumber spread in Fig. 2 is approximately 1500 cm−1. Thus, ener-
gy transfer into the red forms is not expected to be particularly wave-
length dependent over the 700–760 nm interval (1100 cm−1). On the
other hand the SOI for “uphill” energy transfer is markedly dependent
on ΔE and presumably is the basis for the τav(λ) heterogeneity. Of
course, the transfer time between any one donor/acceptor pair is not
wavelength dependent. Thus, we interpret the τav(λ) heterogeneity as
being due to the spectral overlap of different low energy spectral states
i.e. thewavelength dependent heterogeneous τav(λ) values indicate the
transfer rate from a combination of different red forms which changes
with the wavelength.
Despite the pronounced wavelength dependency of the effective
trapping, these data may be used to calculate the overall effective
trapping time for the whole of PSI–LHCI. This can be achieved
by weighting the effective trapping τav(λ) for the excited state
Fig. 4. Steady-state ﬂuorescence emission spectra of LHCI (thick solid line) and PSI–
LHCI (thin solid line) recorded upon direct excitation of red spectral forms at 735 nm.
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excited state probability, p(λ), is given by the calculated steady
state emission spectrum (Fig. 2), under the normalization condition
∑
λ
p λð Þ≡1. Thus, the overall trapping time, τ˜av, is deﬁned as τ˜av ¼
∑
λ
τav λð Þ⋅p λð Þ. In this way we determine the overall trapping time
for maize PSI–LHCI as 40 ps, i.e. approximately 2.1 times that of the
core trapping time (18 ps). This factor is very similar to the value of
2.4 recently determined [22], using a different approach. Thus, two
different approaches lead to essentially the same result which adds
credibility to these numbers for PSI–LHCI. The result also underlines
the marked diffusion limiting kinetic bottleneck associated with the
“uphill” energy ﬂow from the red forms to the core antenna and trap-
ping. Thus, of the two higher plant Photosystems, PSI–LHCI would ap-
pear to have a greater contribution to the trapping kinetics by energy
diffusion in the antenna, which accounts for slightly more than 50% of
the overall trapping time. On the other hand, for PSII–LHCII the diffu-
sion kinetic limitation has been estimated to be around 20–30%
[27,28]. Yet, even in the presence of such a marked diffusion limita-
tion component to the overall trapping, the quantum efﬁciency of
PSI–LHCI is considerably greater than that of PSII–LHCII, with values
exceeding 0.95 over the whole emission band.3.3. Long-wavelength chlorophyll spectral forms in PSI–LHCI extending
above 735 nm
Concerning Fig. 2, it is interesting to note that the τav(λ) values do
not reach a plateau at wavelengths near and above 735 nm, as would
be expected if the 735 nm emission state were the lowest energy
form, as is often thought (e.g. [29–32]). In vitro reconstitution exper-
iments suggest that both Lhca3 and Lhca4 bind this low energy state
with a small difference (circa 2 nm) in the peak emission [12,22,31].
The fact that the τav(λ) values in intact PSI–LHCI, continue to increase
in a signiﬁcant manner beyond this wavelength range can be
explained by the presence of at least another low energy form
which emits beyond 735 nm. The emission band shape of the 735
emission state was earlier determined [33,34] and was shown to be
extremely broad, presumably due to very strong electron phonon
coupling, possibly associated with a charge transfer state [31]. Its
low energy tail extends well above 770 nm. We therefore suggest
that the data on τav(λ) heterogeneity in the longest wavelength inter-
val investigated may be due to the emission overlap between the 735
emission state and a putative lower energy state(s). This conclusion is
supported by the steady state emission spectra presented in Fig. 4 for
the LHC I preparation and PSI–LHCI. The LHCI preparation contains
approximately equal numbers of the Lhca1/4 and Lhca2/3 dimers
which were recently shown to have very similar spectral proper-
ties [35]. The spectra presented in Fig. 4 were recorded with excita-
tion directly in the emission band at 735 nm, in order to capture
both the pre-equilibrium emission from the directly excited red
state [33,34], as well as the equilibrated emission. The experiment
was performed as described in [33,34]. The two spectra, LHCI and
PSI–LHCI, are overlapped with normalisation at the emission maxi-
mum. Concerning the LHCI spectrum the estimated maximum is
close to 730 nm and for PSI–LHCI it is near 735 nm. The equilibrium
emission maxima are near 720 nm for LHCI and 730 nm for PSI–
LHCI [33,34]. Thus, the PSI–LHCI emission is red shifted with respect
to that of LHCI. Furthermore, it is evident that the PSI–LHCI spectrum
is considerably broader in the long wavelength wing with respect to
LHCI. The same conclusion is reached by comparing the reconstituted
Lhca4 emission spectrum [36] with the present spectra (Fig. 4). In the
earlier study [34] in which the long wavelength, pre-equilibration,
emission spectrum was determined after direct excitation within
the emission band itself, in both an LHCI preparation and PSI–LHCI,
it was evident that the LHCI pre-equilibration ﬂuorescence maximumat 735 nm remained constant with increasing excitation wavelength
between 720 and 740 nm. On the other hand, for PSI–LHCI the
pre-equilibrium emission maximum shifted to 745 nm when excita-
tion was performed over the same wavelength interval. In addition,
the low temperature time resolved data for PSI–LHCI [24,37] show a
slowly decaying component that has an associated DAS peaking
near 740 nm, the band-shape of which is strongly asymmetric to-
wards longer wavelengths. It was suggested that the detergent
based techniques used to detach the LHCI complexes, and which are
also present in reconstitution experiments, may destroy this very
low energy state(s). We also exclude any contribution by the small
amounts of low energy states detected in the PSI core [6] as, in higher
plants, their emission is at wavelengths well below 735 nm. Thus a
number of independent experimental approaches point in the same
direction and indicate the presence of lower energy states in intact
maize PSI–LHCI than in the isolated maize LHCI itself. Presumably,
these states are destroyed during the detachment of LHCI from intact
PSI and they are apparently not formed during reconstitution.
3.4. Comparison with other higher plants PSI–LHCI preparations
Over the past decade a number of studies on higher plant PSI–LHCI
have been performed on complexes isolated from Arabidopsis
[15–17,25]. The time resolved ﬂuorescence data [25] were measured
and analysed in our laboratory and were thus performed with the same
instrumental set up as the maize preparation discussed above. The con-
siderable data variability for the Arabidopsis preparations renders it difﬁ-
cult to analyse and discuss these data in detail. This variability is
exempliﬁed by the steady state ﬂuorescence emission wavelength ratio
(720/690) nm, which is an approximate indicator of the ratio for bulk
emission (690 nm) and the low energy emission (720 nm). The data
have been calculated from the DAS presented in each paper. The values
for the 720/690 ratio for the various Arabidopsis PSI–LHCI preparations
vary between 0.5 and 1.25 [15–17,25] while that for the different maize
preparations, including the present one, are close to 1.7. Thus in all
cases the red form content for the Arabidopsis preparations seems to be
lower than that of the maize preparations. These differences may well
be due to the detergents employed. In the case of the maize preparations
the detergent used was octyl-gluco-pyranoside (OGP) instead of the
more commonly used dodecyl-maltoside (DM). OGP is known to lead
to a lesser uncoupling of bulk chlorophylls than DM [37] and does not
modify the band shape of the low energy ﬂuorescence tail [6], a
784 R.C. Jennings et al. / Biochimica et Biophysica Acta 1827 (2013) 779–785characteristic of fundamental importance in studies of this kind. In the
Arabidopsis preparations DMwas employed.
We have calculated the τav(λ) for trapping from the bulk antenna
(680–690 nm) in these preparations, which range from about 25 ps
[15] to 35 ps [25] and 45 ps [17]. These values may indicate a slower
photochemical trapping in Arabidopsis PSI–LHCI with respect to the
maize photosystem, though given the rather broad data distribution
this suggestion should be taken with caution.
As mentioned above, in the Arabidopsis studies, in all cases the
τav(λ) values increase across the low energy emission band
(>700 nm), as in maize. Thus while these data display the low energy
kinetic bottleneck, indicative of pronounced diffusion limited trap-
ping, as described for maize, it is not possible to draw any more de-
tailed conclusions due to the data spread.3.5. Physiological role of long wavelength spectral forms in PSI
The present paper underlies the signiﬁcant variation τav(λ) across
the emission band, which displays an almost linear increase as a func-
tion of the decrease in energy of the low energy spectral states. This
point is relevant to the discussion on the physiological role of the
low energy (red) forms. While it has been demonstrated that they in-
crease the antenna cross section under “shade light” conditions [38]
evidence was presented [17] that red forms associated with LHCI pro-
teins have a low ﬂuorescence yield, a suggestion which opened the
possibility that they may be quenching states, possibly involved in
photoprotection (e.g. [17]). Subsequently this claim has however
been disputed [39] and the present data are also in disagreement
with this. If the red states were, in fact, quenching states one would
not expect them to display the highest τav(λ) of the intact photosys-
tem, which steadily increases across the low energy emission band.
That the red forms do not represent a quenched state was also dem-
onstrated earlier [6,37]. In this respect, it might be interesting to no-
tice that the carotenoid triplet state populated by triplet–triplet
energy transfer from the red spectral form has been detected both
in isolated LHCI [40], as well as the intact PSI supercomplex of thyla-
koids [41]. This would represent an efﬁcient photoprotective strategy
since carotenes appears to be speciﬁcally coupled to the spectral
forms which carry most of the excited state population at steady
state, and hence have the highest probability of populating the poten-
tially harmful triplet state via intersystem crossing.References
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